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Raw biomass washing prior to pyrolysis treatment has been employed to mitigate the ash-related problems 
encountered during resultant biochar combustion. However, wide-spread application of this approach is limited 
by high energy consumption and low washing efficiency. In the present study, the biochar washing instead of raw 
biomass washing was attempted to overcome aforementioned problems, and fuel qualities of washed biochars 
were investigated for the first time. The results showed that major ash forming metals can be efficiently removed 
by all tested washing agents (de-ionized water (DW), acetic acid (AA) and citric acid (CA)), especially for acid 
washing agents AA and CA. As a consequence, the ash content of the biochars decreased, and the slagging and 
fouling issues were dramatically mitigated. Due to metal removal, the washed biochars exhibited improved 
combustion properties, especially for the biochars derived from agricultural biomass. In addition, noticeable 
decreases in nitrogen and sulfur contents were observed following washing treatment, suggesting the additional 
benefit of reducing emissions of nitrogen and sulfur pollutants during washed biochar combustion. 

Compared to raw biomass washing prior to pyrolysis, the significantly increased washing efficiency and fuel 
quality and decreased hydrophilicity of the biochars indicate that pyrolysis combined with subsequent 
biochar washing is more suitable to produce solid fuel biochars with high fuel quality from different source of 
waste biomass. 

© 2015 Elsevier B.V. All rights reserved. 


1. Introduction 

Biomass is increasingly regarded as a promising renewable feed¬ 
stock for the production of heat, chemicals and power due to the global 
warming situation and environmental pollution caused by the excessive 
use of fossil fuel worldwide [1-3]. Among various utilization methods, 
co-combustion of biomass with coal in existing coal-fired power plants 
has been carried out over the years and is considered to be the lowest 
risk, least expensive and most efficient strategy of combining utilization 
of biomass energy with substantial reduction of air pollutants (C0 2 , NO x , 
CO and S0 2 ). However, the extensive studies related to biomass and coal 
co-combustion have identified several technical constraints [4], For ex¬ 
ample, high content of alkali and alkaline earth metals (AAEMs) 
originally contained in raw biomass can cause serious slagging and 
fouling problems on boiler heat transfer surfaces during biomass and 
coal co-combustion. In addition, the disposal of mixed ash is one of 
the key concerns because the nature of mixed ash is very different 
from that of coal ash, especially when high raw biomass/coal ratios 
are used. As for thermal efficiency, raw biomass and coal are just 
physically mixed together during co-combustion due to their different 
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combustion behaviors and there is no interaction between raw biomass 
and coal, resulting in low thermal efficiency of co-combustion systems 
[4], In the case of fuel preparing, wide diversity of physical shapes, 
densities among different source of biomass feedstocks coupled with 
poor grindability creates significant challenges in handling and feeding 
blend fuels into process units. All these constraints are originated from 
the great differences in fuel properties between raw biomass and coal. 
Therefore, a pretreatment process prior to combustion is required, in 
which biomass is converted into a form similar to coal, thereby reducing 
the aforementioned problems. 

Low temperature pyrolysis is one of the principal thermochemical 
approaches for biomass upgrading and the resultant biochars have 
improved fuel quality compared to raw biomass such as significantly 
enhanced grindability and energy density [5,6]. For example, some 
biochars have energy density similar to lignite and obvious synergistic 
interactions were observed between biochars and lignite during 
co-combustion, resulting in increased thermal efficiency and environ¬ 
mental benefits [7,8], However, ash-related problems encountered 
during raw biomass combustion are still present and even become 
more serious during biochar combustion because all the inorganic 
compounds originally in raw biomass are accumulated in the 
biochars [7,9], In consequence, pre-treatment is necessary to remove 
those accumulated troublesome elements from the biochars prior to 
combustion. 
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Several studies have been conducted on removing the inherent 
metals from raw biomass by washing treatment [10-16], Some metals, 
such as K and Na, are reported to be removed from raw biomass by 
water washing; however, the washing means high energy consumption 
during drying process due to high hydrophilic property of raw biomass 
[17], Moreover, some reported washing agents contain nitrogen, 
chlorine and sulfur elements, and the residual washing agents in the 
fuel also pose a potential danger for the environment [15]. Compared 
to raw biomass, the biochars have decreased hydrophilicity [17,18], 
Therefore, the biochar washing is more suitable than raw biomass 
washing, which involves less energy consumed during drying process 
after washing treatment. As for the washing agent, acetic acid (AA) 
and citric acid (CA) can be produced from biomass feedstocks, and 
their residuals have no negative environmental influence, having high 
potential to serve as washing agent to achieve maximum environmen¬ 
tal benefits. 

To the best our knowledge, very little information about biochar 
washing is available [14,19], In the present study, washing treatments 
were employed for the first time to mitigate the ash-related problems 
of biochars derived from agricultural and woody biomass. Besides 
de-ionized water (DW), two green chemicals, acetic acid (AA) and citric 
acid (CA) were used as washing agents. The removal efficiencies of 
major ash forming metals by different washing agents were investigat¬ 
ed systematically. In addition, the combustion behaviors of washed 
biochars were determined to investigate the effect of washing 
treatment on the thermal efficiency of biochar combustion. 

2. Materials and methods 


10 min at room temperature [15,20]. Subsequently, the washed bio¬ 
chars were recovered by centrifuge and dried at 105 °C for 24 h for 
later analysis. The washed biochars from PCF and PPW are labeled as 
PCF-xx and PPW-xx, respectively, where “xx” shows the washing 
agent. For example, PCF-DW refers to the biochar PCF washed by DW. 
All the washing experiments were performed repeatedly to ensure 
the reliability. 


2.3. Characterization 

The carbon, hydrogen, nitrogen and sulfur contents were deter¬ 
mined on an EA3000 Elemental Analyzer (Italy). The fuel ash was 
prepared at 575 °C according to standard test method for ash in biomass 
(ASTM D 1102). The contents of major ash forming metals in the bio- 
char/ash were determined by digestion method. The biochar/ash was 
digested in mixed solutions (2 ml 65% FINO3, 2 ml 30% H 2 0 2 and 
0.5 ml 48% HF) at 180 °C for 30 min in a Flanon microwave digester 
(China). The digestion solution was then evaporated to dryness to re¬ 
move the fluorides and the resultant residues were dissolved in 1:1 
HNO3 solutions, followed by dilution with de-ionized water to desired 
volume. Subsequently, metal concentrations (K, Na, Ca, Fe, Si, Al, Ti 
and Mg) in the digestion solutions were quantified using ICP-OES 
(Perkin Elmer 3000DV, USA). The metal oxide content was calculated 
according to corresponding metal content in ash. The removal rate of 
each specific metal from the biochar was calculated as shown below 
in the equation: 


2.1. Materials 

Pinewood (PW) and coconut fiber (CF) were selected as representa¬ 
tive woody and agricultural biomass for biochar production, respective¬ 
ly. The biochars were produced at 350 °C and the detailed preparation 
procedure was reported elsewhere [7[. The biochars derived from PW 
and CF were labeled as PPW and PCF, respectively. Table 1 shows the 
properties of the biochars PPW and PCF used in the present study. 


Removal 


(- 


Metal content in washed biochar\ 
Metal content in raw biochar ) 


100% (1) 


The fouling, slagging and slag viscosity indices with the use of the 
biochars were investigated and the corresponding definition and limits 
were shown in Table 2 [7,21 ]. 


22. Washing treatment 


2.4. Combustion analysis 


The biochar sample was soaked with the washing agent 
(DW, 0.5 mol/L AA and CA) in a closed beaker (biochar/washing 
agent = 1/50 (g/ml)) and then the mixture was stirred at 250 rpm for 


Table 1 

Properties of pyrolytic biochars used in the present study. 

Fuel PCF PPW 


Ultimate analysis (dry ash free, wt%) 


C 67.51 

H 3.95 

N 1.01 

S 0.37 

O (by difference) 27.16 

Proximate analysis (dry base, wt.%) 

Volatile matter 30.02 

Fixed carbon 60.81 

Ash 9.18 


Major ash forming metal analysis 
(dry base, wt%) 

K 

Ca 

Na 

Mg 

Fe 

Al 

Ti 


3.331 

0.245 

0.124 

0.037 

0.012 

0.016 

0.049 


34.32 

63.46 

2.23 


0.179 

0.340 

0.021 

0.054 

0.093 

0.033 

0.110 


A thermobalance TGA-7 (Perkin Elmer, USA) was used for the 
combustion experiments. All combustion experiments were conducted 
at atmospheric pressure, using temperatures ranging from room 
temperature to 650 °C with a heating rate of 20 °C/min and an air flux 
of 50 ml/min [7,9], To minimize the effects of mass and heat transfer 
limitations, small amounts of biomass samples (around 6 mg) were 
loaded into an alumina crucible. Three replicates of each TGA experi¬ 
ment were performed to determine the reproducibility. 


Table 2 

The definition and limits of slagging, fouling and slag viscosity indices. 


Expression 




Slagging index SI = (B/A) x S% 


Fouling index FI = (B/A) x (Na 2 0 + K 2 0) 


SVI = (Si0 2 x 100) / (Si0 2 + MgO + 
CaO + Fe 2 0 3 ) 


SI < 0.6 low slagging 
inclination 

0.6 < SI < 2.0 medium 

2.0 < SI <2.6 high 

SI > 2.6 extremely high 

FI <0.6 low fouling 

inclination 

0.6 < FI < 40 medium 

FI > 40 high 

IV > 72 low slagging 

65 < IV < 72 moderate 
IV < 65 high 


Base- to-add ratio: B/A = (K 2 0 + CaO + Na 2 0 + MgO + Fe 2 0 3 )/(Si0 2 + Ti0 2 + A1 2 0 3 ) 
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Fig. 1. Ash contents of the untreated and washed biochars. 

3. Results and discussion 

3.1. Ash content 

Fig. 1 shows the ash contents of the untreated and washed biochars. 
It is clear that the washed biochars have decreased ash compared to the 




Metal species 


Fig. 2. Removal rates of major ash forming metals from the biochars by different washing 


untreated biochars, and that among the tested washing agents, CA has 
the highest potential to reduce ash content of the biochars (the ash con¬ 
tent of PCF-CA and PPW-CA are 1.54 and 0.43%, respectively). The 
decreased ash content will reduce the cost of ash removal from furnaces 
and facilitate the ash disposal after biochar combustion. 


3.2. Major ash forming metals 

Removal of major ash forming metals is especially important in the 
case of abundant agricultural biomass due to their typically high ash 
contents and high alkali and alkaline earth metal (AAEM) contents. 
Fig. 2 shows the removal rates of these troublesome elements by wash¬ 
ing with DW, AA and CA. In general, the light metals are easily removed 
(higher than 72%) and the removal rates are similar with each tested 
washing agents. For example, the highest and lowest removal rates of 
Mg from PCF were 92% (CA washing) and 81% (DW washing), 
respectively. As for removal rates of Mg from PPW, they are 93 and 
75% achieved by CA and DW washing, respectively. With regard to the 
two light metals of greatest concern, K and Na, the type of washing 
agent used plays a minor role, as they can be efficiently removed by 
all the tested washing agents. The removal rates of Na from PCF by 
washing with DW, AA and CA are 96.5, 97 and 97%, respectively, and 
in the case of K, they are 93, 93 and 96% by washing with DW, AA and 
CA, respectively. These observations are in agreement with the previous 
reports that water washing can remove high fraction of K and Na 
originally contained in biomass [10,15,19], For example, it was reported 
that up to 92% of Na and 62% of K were removed from raw herbaceous 
biomass by water washing [15]. 

Compared to light metals, heavy metals show relatively lower 
removal rates by tested washing agents. For example, the removal 
rates of Si in PPW and PCF are lower than 65 and 62%, respectively. In 
the case of Fe, the highest removal rates from PCF and PPW were only 
88% and 89% achieved by CA washing treatment, respectively. In 
addition, the acid washing agents (AA and CA) show higher removal 
capacities than DW, and CA exhibits the highest removal rates among 
all tested washing agents. As an example, the removal rates of Al in 
PCF were 58,81 and 83% achieved by washing with DW, AA and CA, re¬ 
spectively. And the lowest removal rate of Al in PPW (only around 54%) 
is also achieved by washing with DW. 

The different removal rates for light and heavy metals are possibly 
associated with their different chemical forms in the biochars. Light 
metals such as I< and Na, occur in the form of water soluble materials 
in raw biomass, and thus can be efficiently removed by water washing 
[10,15,19], However, substantial amount of heavy metals such as Fe 
and Ti are known to exist as oxyhydroxides and silicates in raw biomass, 
and some heavy metals are present in the form of crystal inorganics 
[22], These compounds have higher solubility in acid solutions than in 
DW, thereby resulting in higher removal rates by acid washing in the 
present study. 

When comparing two tested acid washing agents, CA shows higher 
metal removal capacity from both PCF and PPW than AA, well consistent 
with the lower ash content of PCF-CA and PPW-CA. The higher removal 
rates are mainly associated with the higher acidity and more 
co-ordination sites of CA. As we know, heavy metal ions are present in 
three forms when washed by AA and CA: 1) free ions in the solution; 

2) physical adsorption onto the surface of the biochars and 

3) co-ordination with carboxyl groups of AA and CA [7,18,23,24], 
Compared to physical adsorption, heavy metals tend to co-ordinate 
with carboxyl groups when more co-ordination sites are available due 
to the higher stability of co-ordination. CA has more co-ordination 
sites than AA; therefore, more metal ions enter into solution by co¬ 
ordinating with carboxyl groups, resulting in higher removal rates. 
Moreover, more metals are converted into aqueous soluble phase due 
to the higher acidity of CA (pK,(AA) = 4.76 and pK^CA) = 3.13), 
which contributes to higher removal rates. 
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Washing agent 

Fig. 3. Removal rates of nitrogen and sulfur from the biochars by different washing agents. 


3.3. Sulfur and nitrogen 

Nitrogen and sulfur contents are also a key concern for solid fuels be¬ 
cause they could be transformed into NO x and S0 2 in the subsequent 
combustion process. As shown in Fig. 3, the contents of nitrogen and 
sulfur in washed biochars are noticeably decreased compared to un¬ 
treated biochars. In general, the removal rates of nitrogen and sulfur 
are higher than 40% and 24%, respectively. The highest removal rates 
of nitrogen and sulfur are 52 and 26% from PCF and 47 and 34% from 
PPW, respectively. In addition, though less pronounced, the acid wash¬ 
ing agents show higher nitrogen and sulfur removal rate from the bio¬ 
chars than DW. The decreased nitrogen and sulfur contents imply that 
greater environmental benefits can be achieved by use of washed bio¬ 
chars compared to untreated biochars [25]. 


3.4. Slagging and fouling issues 

Table 3 presents the contents of metal oxides related to ash prob¬ 
lems in the ashes of untreated and washed biochars. It can be seen 
that the ash of washed biochars have decreased contents of AAEM ox¬ 
ides in comparison to the ash of untreated biochars, which is consistent 
with the relatively high removal rates of AAEMs in above metal removal 
analysis. 

The slagging and fouling inclinations of the biochars were deter¬ 
mined before and after washing treatment. As shown in Table 3, there 
is a significant decrease for the slagging and fouling inclination for 
both PCF and PPW after washing treatment due to decreased contents 


of AAEM oxides in comparison to untreated biochars. The slagging 
index (SI) value, 0.76, indicates that PCF has medium slagging formation 
potential when it is combusted (the acceptable range for low slagging 
inclination SI < 0.60 (shown in Table 2)). The SI value decreases to 
0.08, 0.07 and 0.07 after washing by DW, AA and CA, respectively, 
which are in the range of low slagging inclination. Due to its low 
AAEM oxide contents, PPW has a lower SI value (0.28). Washing with 
DW, AA and CA further decreases SI to 0.08,0.03 and 0.03, respectively. 

As we know, compared to woody biomass, agro-residues suffer from 
serious slagging problems due to high AAEM contents. In this study, it is 
shown that washing treatments address the slagging problem, such that 
biochars derived from woody biomass and agro-residues have similar 
slagging inclination. In addition, the increased slagging viscosity con¬ 
firms the mitigated slagging issue by washing treatment. With respect 
to fouling index, PCF and PPW occur in high and medium fouling ranges, 
respectively. Significant decreases for fouling index (FI) values of PCF 
are observed after washing treatment; however, its values still are in 
the medium fouling range. As for PPW, its FI decreases from medium 
to low inclination range by washing treatment (from 7.40 to 0.39, 0.14 
and 0.23 by washing with DW, AA and CA respectively). When compar¬ 
ing different washing agents, only small differences in slagging and foul¬ 
ing indices are observed. 

3.5. Combustion characteristics 

The differential thermal gravimetric (DTG) profiles depicting the 
combustion process of untreated biochar and washed biochars are pre¬ 
sented in Fig. 4. The characteristic temperatures and peak points of the 
combustion process are summarized in Table 4. 

As shown in Fig. 4, the washing treatment exerts stronger effects on 
the combustion behavior of PCF compared to PPW. The washed PCF 
biochars exhibited totally different DTG curve patterns compared to 
untreated biochar, especially for the biochar PCF-CA and PCF-AA. 
Considering that the temperature at which the maximum weight loss 
rate occurs is inversely proportional to the reactivity, it is clear that 
the washing treatments significantly decreased the reactivity of the 
PCF biochar [7], The combustion of unwashed PCF occurs in two sepa¬ 
rated temperature zones: from 274 to 313 °C and 313 to 422 °C centered 
at around 286 and 400 °C, respectively. Moreover, the main weight loss 
(around 39.53%) takes place at a low temperature zone during PCF com¬ 
bustion. This low temperature for the main weight loss, and the separat¬ 
ed combustion zones, implies low thermal efficiency of PCF combustion. 
In contrast, only one main DTG curve is observed for PCF-DW, centered 
at 391 °C (one minor shoulder peak is also present). By comparing with 
the DTG curve of PCF, it can be seen that the low combustion zone dis¬ 
appeared and the main weight loss shifted to a higher combustion zone 
of298-442 °C during PCF-DW combustion. The sharply decreased reac¬ 
tivity of PCF-DW is mainly ascribed to the removal of AAEMs originally 
contained in PCF, which are reported to serve as catalysts for biomass 
pyrolysis [15,26], In the case of PCF-AA and PCF-CA, similar combustion 


Table 3 

Major metal oxides and slagging/fouling indices in the ashes of untreated biochars and washed biochars, %. 

PCF PCF-DW PCF-AA PCF-CA PPW PPW-DW 


K 2 0 49.24 11.50 

CaO 10.40 8.01 

Na 2 0 3.43 0.33 

MgO 2.26 1.42 

Fe 2 0 3 0.54 1.05 

A1 2 0 3 0.24 0.32 

Ti0 2 0.27 0.50 

Si0 2 31.83 75.18 

B/A 2.04 0.29 

SI 0.76 0.08 

FI 107.94 3.47 

SVI 70.69 87.77 


- Not available. 


15.38 12.06 

3.36 5.04 

0.45 0.62 

0.82 1.15 

0.45 0.42 

0.20 0.22 

0.51 0.79 

77.34 77.96 

0.26 0.24 

0.07 0.07 

4.15 3.10 

94.35 92.18 


7.51 1.15 

23.11 12.06 

1.40 0.08 

4.48 2.14 

6.55 7.55 

3.10 2.70 

48.75 68.99 

0.83 0.32 

0.28 0.08 

7.40 0.39 

58.81 76.03 


4.72 

0.12 

1.46 

3.20 

1.81 


82.56 

0.12 

0.03 



PPW-CA 


1.45 

5.40 

0.20 


2.39 


81.54 

0.14 

0.03 

0.23 

88.75 
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Temperature (°C) 


Fig. 4. DTG curves of the washed biochars. The washing biochars with different washing 


ascribed to the decomposition of inorganic components in the ash [7], 
Due to the decreased ash contents, this peak disappeared after DW, 
AA and CA washing. 

In the case of PPW, smaller differences of DTG curves are observed 
by washing treatments compared to PCF. This is ascribed to the overall 
low metal content in PPW, especially for AAEMs. Due to decreased 
heavy metal content, PPW-DW, PPW-AA and PPW-CA have slightly in¬ 
creased reactivity compared to PPW. In addition, the total burnouts of 
washed biochars are increased compared to untreated biochars, in 
agreement with the ash content analysis. 

In comparison with woody biomass, the most abundant agro¬ 
residues are more difficult to use, due to their low fuel quality [27], As 
shown in Fig. 4, the combustion pattern of agro-residue derived PCF is 
very different from that of PPW derived from woody biomass with re¬ 
spect to combustion temperature and reactivity. However, the acid 
washed PCF and PPW show similar combustion behavior, indicating 
that acid washing can reduce the differences between agro-residues 
and woody biomass. Therefore, acid washing treatment could enable 
co-firing of low quality agro-residue derived biochars with coal in 
existing coal-fired systems, without requiring major modifications. 

4. Conclusions 

Washing treatment significantly improved fuel qualities of pyrolytic 
biochars derived from both woody and agricultural biomass. Higher 
than 72% of alkali and alkaline earth metals were removed by all tested 
washing agents. In the case of heavy metals, the acid washing agent 
tested showed higher removal capacity than water, especially citric 
acid. As a consequence, the ash-related problems of the biochars are 
significantly mitigated and combustion behavior is remarkably 
improved, especially for the biochars derived from agricultural biomass. 
In addition, enhanced environmental benefits can be achieved by use of 
washed biochars due to decreased nitrogen and sulfur contents. 

Compared to raw biomass washing, biochar washing has increased 
washing efficiency and decreased energy consumption indicated by 
low hydrophilicity of the biochars. Therefore, the present study demon¬ 
strated that low temperature pyrolysis combined with washing 
treatment provides a promising option to produce solid fuel biochars 
with high fuel quality from both woody and agricultural biomass 
economically. 


pattern was observed generally, confirming that AA and CA have similar 
metal removal capacities from PCF. Compared to PCF-DW, the reactiv¬ 
ities of PCF-AA and PCF-CA were further decreased, and the combustion 
temperatures further shifted to higher values, 303-543 °C for PCF-AA 
and 303-542 °C for PCF-CA, respectively. In addition, the reactivity of 
the PCF-CA was slightly higher than that of PCF-AA, which is ascribed 
to the decrease in heavy metal contents. In addition, one minor peak 
centered around 575 °C is clearly observed in PCF curve, which is 


Table 4 

Combustion parameters of untreated biochars and corresponding washed biochars. 


Combustion zone 


Temp. T peak R max Weight 

range f C) (°C) (%/s) loss (%) 


PCF 274 

PCF-DW 298 
PCF-AA 303 
PCF-CA 303 
PPW 338 

PPW-DW 340 
PPW-AA 340 
PPW-CA 340 


274-313 286 
313-422 400 
298-442 391 
303-543 470 
303-542 456 
338-499 426 
340-498 439 
340-487 431 
340-482 437 


0.64 39.53 

0.42 31.38 

0.62 89.83 

0.42 93.14 

0.43 91.18 

0.31 90.04 

0.43 95.28 

0.47 94.30 

0.50 93.80 


Not available. 

a Tj = ignition temperature; Tb = burnout temperature. 


422 90.05 

442 96.94 

543 97.79 

542 98.38 

499 97.48 

498 98.74 

487 99.25 

482 99.39 
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